Introduction
Esophageal squamous cell carcinoma (ESCC), which also includes esophagus adenocarcinoma, ranks sixth among all types of cancers causing mortality and eighth in the list of common cancers worldwide. 1, 2 ESCC is reported to be the most happening cancer (70%) among all the reported cases of esophageal cancer worldwide, and in China, the figures are even more alarming as the occurrence of ESCC is at least 30 times more compared with that in USA. 3 ESCC originates from the esophagus, mostly from the epithelial cell linings. The etiology mainly associated with the occurrence of ESCC includes smoking, poor diet plan, alcoholism, and hot drinks. 1 The high mortality rate in ESCC is mainly due its late diagnosis and its aggressive nature.
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Sun et al miRNAs are noncoding RNA molecules having single strand (23 nucleotides) , and these molecules can bring about regulation of gene expression via binding to the 3′-untranslated regions (UTRs) of target genes at the posttranscriptional level. 4, 5 Recently, the human genome has been reported to show presence of a large number of miRNAs (>1000) that regulate ~30% of all the discovered genes. 6 A number of studies have indicated that deviant levels of miRNAs are linked with disorders such as cancer; based on the type of mRNAs they can act as tumor suppressors. [7] [8] [9] [10] [11] The miRNA-365 (miR-365) is confirmed for its tumor-suppressive effect in a number of cancers such as cutaneous squamous cell carcinoma, 12 lung, 13 breast, 14 and hepatic carcinoma. 15 ESCC has been reported for its aberrant expression of miRNAs identified using quantitative reverse transcription polymerase chain reaction (qRT-PCR); 16, 17 however, studies suggesting the correlation between expression of miR-365 and ESCC along with specific mechanisms of miR-365 in development of esophageal cancer have not been reported yet.
In cancer, the cells tend to grow rapidly and hence alter metabolic pathways, and to meet these cell requirements, metabolic pathways affecting the production of glycine and serine play an important role. 18 Recently, a number of tumorigenesis enzymes have been identified, which are involved in biologic reactions facilitating to maintain the redox status and the biosynthesis of cellular components. 19, 20 Among them, phosphoserine aminotransferase 1 (PSAT1) and phosphoglycerate dehydrogenase (PHGDH) are the two enzymes responsible for the catalysis of serine. These enzymes are found to be upregulated in a number of cancers and are reported to be responsible by diverting the glucose flux for metabolism of serine. 20 However, the regulatory mechanism behind the expression of these enzymes and their role in cell proliferation are still not clearly understood.
In the present research, we first established that expression of miR-365 was significantly downregulated in ESCC cell lines and tissues. Our study further confirmed the tumorsuppressive activity of miR-365 in ESCC via the PSAT1 pathway. The outcomes of our study confirmed a new therapeutic target for ESCC.
Patients and methods
Human esophageal tissue specimens
A total of 30 patients diagnosed with esophageal carcinoma in 2016 and who underwent surgery for esophageal resection before submitting to chemotherapy at Subei People's Hospital of Jiangsu Province were selected for this study. From these patients, tissue specimens of ESCC and the adjacent area (normal tissue) were collected after surgery under the guidelines from an experienced pathologist. Before storing in liquid nitrogen, the tissues were dissected to remove any connective tissue. The tissue samples were stored in the tissue bank of Subei People's Hospital of Jiangsu Province, and on receiving, the samples were coded in accordance with the guidelines from the ethical committee. All the protocols were in accordance with the local human ethical committee of Subei People's Hospital of Jiangsu Province followed by the approval from hospital board (sanctioned reference number HEC/SPHJ/ESO/14B-16/17). Written informed consent was obtained from all patients.
Cell lines and culture conditions for in vitro studies
The human esophageal cancer cell lines were procured from Cell Collection Center, Shanghai (Chinese Academy of Science-China). Three ESCC cell lines (EC109, EC1, and EC9706), HEEC, and HEK293T cells for transfection were used in the present study and were obtained from Chinese Academy of Medical Science (Shanghai, China); the cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 units/ mL penicillin G at 37°C and 5% CO 2 . The cells were grown in EpiCM-2 along with EpiCGS-2 (Innoprot, Derio, Spain).
Extraction of RNA and qRT-PCR studies
Total miRNA was isolated from the cells using an miRNeasy kit (Qiagen GmbH, Hilden, Germany) in accordance with the manufacturer's protocol; next, an miScriptRT kit was used to convert it into cDNA. RNase-free water was used to elute RNA, followed by recording the absorbance at a wavelength of 280 nm, and then used for reverse transcription. TaqMan assay was done by using TaqMan Human miRNA Array Panel (Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer's instructions, and the expression was normalized using endogenous U6. The miR-365 mimics and negative control RNA were from GenePharma (Shanghai, China). For transcription of PSAT1, iScript cDNA synthesis kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) was used as per the manufacturer's instructions for synthesizing cDNA. Real-time qPCR was done using an ABI 7,500 Real-Time PCR System (Thermo Fisher Scentific). The stem-loop RT primer, qRT-PCR primers, and the internal control U6 primers were used ( Construction of plasmid and transduction of lentiviral and gene transfection
To construct the miR-365, lentiviral gene transfer vector carrying hsa-miR-365, amplification of fragment-encoding sequence for pre-miR-365 was done by PCR followed by cloning into the sites of pGCsil-green fluorescence protein (GFP) vector (Shanghai Genechem Co., Ltd, Shanghai, China) to get the lentivirus-mediated miR-365 vector (LV-miR-365). To generate the PSAT1 overexpression plasmid, a pcDNA3 vector was used. The amplification of PSAT1 cDNA was done by PCR using cDNA extracted from HL60 cell lines. After amplification, the PSAT1 cDNA gene was cloned into the vector.
The 3′-UTR fragment of PSAT1 having the recognition sequence of miR-365 was subjected to amplification using PCR using the required primers. After amplification, subcloning was done into the vector (psiCHECK-2; Promega Corporation, Fitchburg, WI, USA) to construct PSAT1 3′-UTR clone using Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scientific). The pCDH cDNA was transfected in the PSAT1 packaging system for generating virus particles using Lipofectamine 2000 reagent (Thermo Fisher Scientific) into HEK293T cells as per the manufacturer's instruction. The cells, after growing to the log phase, were transfected with pGCsil-GFP vector for 24 h. Mass screening of stable cells was done after looking into the levels of GFP mediated by lentivirus vector post 72 h of transfection using a flow cytometer (BD Biosciences, San Jose, CA, USA).
For carrying out gene transfection, the ESCC cells (5×10 5 ) were transfected in 2 mL culture medium with 100 pmol control vector in a serum-free medium with Lipofectamine reagent. The culture medium was changed after 6 h, and the cells were maintained in an incubator at 37°C in 5% CO 2 for 48 h.
3′-UTR dual-luciferase reporter assay and the human embryonic kidney cells 293
To build the luciferase reporter vector, the binding sites for miR-365 in the PSAT1 and the PSAT1 3-UTR fragment were amplified by PCR using the reverse primers. The amplified protein was then inserted into the luciferase gene psiCHECK2 vector, named as PSAT1 3′-UTR-wild. Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scientific) was used for site-directed mutagenesis of miR-365 of the target site in PSAT1 3′-UTR, named as PSAT1 3′-UTR-mut. The transfection was done with miR-365 mimics and with either PSAT1 3′-UTR-mut or wild. The luciferase assay was done 48 h post-transfection using Luciferase Reporter Gene Detection Kit (Sigma-Aldrich Co., St Louis, MO, USA).
Cell invasion assay
For the assay, a Matrigel-coated (1:5 serum-free RPMI medium-1640) membrane filter (8 μm) was used. The membrane filter was subjected to sterilization and air-drying, and then 20 μL of medium was added into the bottom chamber of corning Transwell ® plates. The transfected cells (1.5×10 6 cells/mL) were resuspended in serum-free RPMI medium and were subjected to seeding in the upper space of Transwell ® plates followed by incubation for 24 h at 37°C. The cells on the bottom of the filter were fixed in methanol at −20°C for 15 min followed by washing with PBS and later staining of crystal violet, and the cells were counted under a microscope.
Cell viability studies (MTT assay)
The in vitro cell viability of EC109 and EC9706 cells was evaluated by MTT assay using Vybrant ® MTT Cell Proliferation Assay Kit (Thermo Fisher Scientific) following the manufacturer's protocol. The procedure involved replacement of medium with fresh medium containing MTT (0.5 mg/ mL) at defined time intervals indicated by the manufacturer. The cells were then subjected to incubation for 1 h at 37°C resolved by the provided reagent followed by measurement of absorbance at 570 nm.
Colony formation assay
The EC109 and EC9706 cells were trypsinized and suspended and cultured in culture plates (60 mm diameter) along with 10% FBS for 2 weeks. The staining and fixing of developed colonies were done using 0.5% crystal violet solution for 20 min followed by washing (three times). Clusters with cell count >50 were counted as colonies. Microscopic examination and counting of colonies were done from 10 randomly selected viewed fields, and the mean representing the 95% confidence region was attained. 
Expression of proteins by Western blotting
After receiving the treatment, the cells were subjected to lysis using RIPA buffer (Cell Signaling Tech, Inc, Danvers, MA, USA), and the extracts were submitted to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by transfer to nitrocellulose membranes and blotting. The membranes were blocked using a mixture of 5% skim milk and 0.1% Tween 20 in Tris-buffered saline. The membranes were incubated with I ry antibodies at 4°C for 12 h. PSAT1, p-GSK-3 β, Snail, E-cadherin, GSK-3β, Vimentin (Thermo Fisher Scientific), and the anti-GAPDH antibody were used as internal controls (Thermo Fisher Scientific). The blots were visualized using enhanced chemiluminescence after incubating with secondary antibodies for 2 h.
Statistical data analysis and significance
All the data reported were average±SD (n=3). One-way analysis of variance or t-test (paired) was used for establishing differences. The values of p <0.05 were regarded as statistically significant. The expression of relative proteins by Western blotting was done, using GAPDH as loading control.
Results
Levels of miR-365 are decreased in EC1, EC109, and EC9706 cell lines and tissues
The esophageal cancerous tissues and the proximate noncancerous tissues in the same subjects were obtained from esophageal cancer patients (30 numbers), and the tissues were subjected to qRT-PCR for comparing the expressions of miR-365. The outcome of the experiment showed that the expression of miR-365 was significantly (P<0.01) toward lower side in tumor tissues recovered from patients compared to nontumor adjacent tissues ( Figure 1A) . The miR-365 levels in ESCC cells, that is, EC109, EC1, and EC9706, were similar to those observed in tissue samples, and the levels of miR-365 were on the higher side when compared with the normal HEEC cell lines. The expression levels were toward the higher side in EC109 and the lowest in EC9706 ESCC cell lines ( Figure 1B) ; hence, EC109 and EC9706 were selected for experiments in the study.
MiR-365 suppresses the growth of ESCC cells (in vivo and in vitro)
To study the effect of miR-365 on esophageal cancer in vivo and in vitro, the EC9706 and EC109 cells were transfected with overexpression vector of miR-365, and the cell viability and tumor growth were evaluated. qRT-PCR was utilized for confirming the overexpression levels of miR-365 in EC109 and EC9706 cell lines (Figure 2A 
Inhibitory action of miR-365 on cell invasion in ESCC cell lines
Cell invasion or Matrigel invasion assay was done to analyze the role of miR-365 vector transfection in esophageal cell
lines. The results demonstrated that miR-365 overexpression vector suppressed the invasion of selected EC9706 and EC109 cell lines significantly (P<0.01) by ~64% compared to control ( Figure 4A and B).
Identification of PSAT1 as a favorable target site of miR-365
To identify the molecular mechanism behind miR-365, the experiments using prediction tools were designed to examine the potential targets. A prediction algorithm of Targetscan 
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Sun et al was used to identify the conserved algorithm domain within 3′-UTR of PSAT1 having two bonding sites for miR-365. To establish this prevision, luciferase activity was evaluated to validate PSAT1 as a target for miR-365. The constructed luciferase reporter plasmids built by cloning the mutant 3′-UTR of PSAT1-expressing mutations in the miR-365 overexpression vector and the miR-365 seed region were used to co-transfect the HEK293 cells. On assessing the luciferase activity, it was found that the overexpression of miR-365 did not suppress the reporter gene activity for mutations of PSAT 3′-UTR on two binding sites but significantly suppressed the activity of the wild-type PSAT1-UTR-MUT1 or MUT2 (P<0.01) ( Figure 5A ). The abnormal expression of miR-365 decreased the mRNA expression of PSAT1 significantly compared to the loading control, that is, GAPDH in both the ESCC cell lines ( Figure 5B ), confirming PSAT1 as a favorable target for miR-365. The outcomes of miR-365 on tumor invasion were analyzed by expression of epithelial markers such as E-cadherin, Snail, Vimentin, the Ser/Thr kinase GSK-3β, and EMT, that is, epithelial-mesenchymal transition markers. Reports suggest a correlation between the transcription factors Snail and EMT; Snail modulates the levels of E-cadherin, whereas downregulation of E-cadherin stimulates the activity of EMT. Reports have established that Ser/Thr kinase family protein GSK-3β is deactivated as a result of phosphorylation at Ser9. GSK-3β is found to regulate Snail activity; also, the epithelial phenol-typing is maintained by suppressing Snail, and hence, deactivation of GSK-3β elevates EMT. 21 The results of Western blot as depicted in Figure 5C suggested that overexpression of miR-365 increased the expression levels of E-cadherin, suppressed the levels of Snail as well as Vimentin, and decreased the levels of total and associated phosphorylated GSK-3β followed by decrease in the levels of PSAT1. The results of overall protein expression suggested that miR- 
Involvement of PSAT1 in miR-365-mediated suppression of cell proliferation and invasion in ESCC cell lines
To further confirm the role of miR-365-mediated suppression of PSAT1, in correlation to proliferation and invasion of ESCC cell lines. The study showed that the expression of PSAT1 was ectopic, which in turn partly reclaimed the suppression of cell invasion and proliferation caused by overexpression of miR-365 in ESCC cell lines ( Figure 6A and B) . The study also showed that the ectopic expression of PSAT1 resulted in partial restoration of the E-cadherin and Snail levels, which were partially suppressed by miR-365, confirming the role of PSAT1 in reversing the consequences of miR-365 on EMT in selected esophageal cell lines ( Figure 6C) . A negative correlation was established between levels of mRNA of PSAT1 and expression of miR-365 by qRT-PCR studies involving miR-365 and levels of PSAT1 in cancerous tissue samples from patients reported with esophageal carcinoma (P<0.01, R 2 =0.369). The study established that miR-365 is involved in the regulation and expression of PSAT1 in ESCC (Figure 7 ).
Discussion
Here, we studied the role and extent of expression of miR-365 in ESCC and also the mechanism involved. We demonstrated that ESCC (cell lines and ESCC-affected human tissue) is associated with the downregulation of miR-365, and its overexpression halts its progression. Our findings suggested that the overexpression of miR-365 resulted in inhibition of colony formation, cell viability, and cell invasion in cancerous esophageal cells and also inhibited the growth of tumor in xenografts mice. The study discovered PSAT1 as a favorable target of miR-365 in esophageal tumor tissues. The findings suggested that miR-365 can behave as a tumor suppressor by regulating the levels of PSAT1.
Esophageal cancer is colligated with both inadequate prognosis and survival. 22, 23 Advanced-stage diagnosis has attributed to the poor survival of ESCC patients, thus creating the necessity to discover specific biologic markers for its early-stage detection. A number of reports have worked on discovering miRNAs for distinguishing ESCC from normal tissues using microarray analysis.
In a study involved in the microarray analysis of human miRNAs in cancerous ESCC tissues, out of 210 miRNAs, about four, that is, miR-373, let-7d, miR-340, and miR-330, were upregulated. 16 A qRT-PCR analysis of ESCC tissues done by Ogawa et al identified expression of 10 miRNAs and reported six of them to be overexpressed and four downregulated; 24 similarly, a study by Kano et al. reported expression of 15 miRNAs downregulated in ESCC tissues. 25 Similarly, a study involved in identifying miRNAs reported 31 miRNAs in correlation with ESCC, 26 among which seven were able to distinguish ESCC from the normal tissues. The study confirmed that the expression levels of miR-140, -29c, -99a, and -100 were downregulated, while those of miR-151, miR-424, and miR-25 were upregulated. 26 Yan et al 27 reported decreased expression of miR-340 in ESCC and found that miR-340 caused inhibition by targeting PSAT1. 28 Although a number of studies have dug into the role of miRNAs in the progression of ESCC, the identified potential targets need further confirmation. Kano et al found that the three miRNAs (miR-133a, mir-133b, and miR-145) upon transfection into ESCC cells caused inhibition of cell proliferation and invasion. 25 In a study related to ESCC, it was found that miR-25 inhibited cadherin 1 activity. 29 Similarly, many potential targets were identified in other studies involving ESCC, which include the ERK5 pathway for miR-143, ZEB1 for miR-150, Rap1b for miR-518b, and FBXW7 for miR-223. 30 In the present investigation, we established that miR-365 is downregulated in esophageal tumor tissues and ESCC cell lines, and we also evidenced that the expression of miR-365 is linked to proliferation, and colony-forming and invasion capability of cancerous esophageal cells in addition to the growth of tumor in mice. The study established that miR-365 exhibited tumor-suppressing activity in esophageal cancer by aiming the PSAT1 pathway. The outcome of experiments demonstrated that the overexpression of miR-365 resulted in the downregulation of PSAT1, and the abnormal expression of PSAT1 reversed the inhibitory activity of miR-365 on cell proliferation, invasion, and expression of EMT.
PHGDH and PSAT1 are the enzymes of serine pathway; literature suggest modifications in the levels of these two associated with progression of many cancers such as breast cancer. 31 The expression of PHGDH is reported to be increased in some cases of breast cancer, and the downregulation of PSAT1 exhibited antiproliferative effect in such PHGDHoverexpressing breast cancer cells. 32, 33 The overexpression of PSAT1 in colon cancer is associated with chemoresistance. 31 A weakened response for endocrine treatment approach in breast cancer is linked to overexpression of PSAT1. 33 All the reports confirmed participation of PSAT1 in progression of cancer, which adheres to our present findings suggesting that suppression of miR-365 may result in tumorigenesis in esophageal cancer by upregulation of PSAT1. In future, experiments focusing on the correlation between PSAT1 and miR-365 may further strengthen their roles in treating ESCC.
Conclusion
The outcomes of the present study confirmed tumor suppressor effect of miR-365 in ESCC by modulating the expression levels of PSAT1. The study confirmed that the effect of miR-365 on cell invasion and proliferation gets reversed after abnormal expression of PSAT1. Hence, this study confirmed that miR-365 exerts antitumor effect via PSAT1 pathway and hence suggests a novel biomarker in the development and progression of ESCC. 
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